Electronics in modern automotive platforms are being used to facilitate a number of operational and safety functions including energy generation, transmission, collision avoidance systems, lane departure warning systems, antilock braking systems, vehicle stability assist, global positioning, navigation and drive assist systems. During operation, automotive electronics in underhood environments may be simultaneously exposed to high temperatures in the neighborhood of 150-200C in addition to vibration over a sustained period of time. Typical failure modes may include solder fatigue, copper trace or lead fracture. In prior studies, SnAgCu solders which are increasingly used in automotive electronics have shown susceptibility to evolution of the material properties under exposure to high temperature. However, the reliability of the solder alloys under combined exposure to vibration at high automotive temperatures is not well understood to a level which will allow the development of models for lifeprediction. In this study a variety of packaging architectures fabricated with SAC105 and SAC305 alloys have been studied under exposure to random vibration and range of temperatures in the neighborhood of 25-125C. Spectral content of the printed circuit board assemblies has been studied using accelerometer output. All the parts on the board assemblies have been monitored for resistive opens using a high-speed data-acquisition system. FE simulation using global-local finite element models is thus correlated with the system characteristics such as modal shapes, natural frequencies and displacement amplitudes for every temperature. The solder level stresses have been extracted from the sub-models. Stress amplitude versus cycles to failure curves are obtained at all the three test temperatures. A temperature and vibration-amplitude dependent-version of the Basquin power law damage relationship has been developed using the test data. Material properties of the PCB at test temperatures have been measured using tensile tests and dynamic mechanical analysis. A comparison of failure modes for different packaging architectures at elevated test temperatures and vibration has been presented in this study.
INTRODUCTION
Accelerated test data and modeling methods for assessment of reliability of leadfree electronics assemblies under simultaneous exposure to vibration and temperature is sparse. Prior studies on the loads encountered in automotive operation have revealed continuous maximum temperatures up to 140C and vibration levels of up to 10g RMS ]. The loads are even more consequential for the off-road automotives including construction and agricultural machinery where the vibration levels may be significantly higher than for on-road vehicles [Barker 1990 , 1992 , Basaran 2002 , Qi 2004 . Modeling methods exist for reliability assessment of solder interconnects subjected to single stresses of vibration or under exposure to high temperature [Steinberg 1988 , Henderson 1995 , Hu 1995 , Wong 1997 , Lall 2005 , Lall 2007 . Researchers have developed the theory and life prediction models for solder fatigue subjected to thermal cycling [Tavernelli 1962] . Similarly, the theory for life prediction and accelerated testing under random vibration is also well formalized for leaded solders [Steinberg 1988 , Hu 1995 , Henderson et al 1995 . Prior studies on the effect of concurrent thermal cycling and dynamic loading on electronic components have suggested incremental damage superposition approach for predicting solder joint reliability [Barker 1990 , 1992 , Basaran 2002 , Qi 2004 . The behavior of 63Sn/37Pb solder under in-plane vibration at high temperature has been studied [Zhao 2000 ].
However, none of the prior work explicitly includes the temperature term in the combination with vibration-level in a closed-form damage prediction relationship to allow for life prediction under the action of simultaneous exposure to vibration and temperature. In this paper, the authors have characterized the high cycle fatigue S-N curves of widely used SAC105 and SAC305 lead-free solders at various temperatures in the range expected during automotive underhood operation. In this paper, two test vehicles with SAC105, and SAC305 daisy chained CABGA, PBGA, QFP, SOP and TSOPs components have been tested to failure by subjecting the assemblies to elevated test temperatures and harmonic vibration levels at its first natural frequency of the board assembly. The test matrix includes different test temperatures and harmonic vibration amplitudes of 10g and 14g. Test vehicle-1 is tested at 10g stress level at operating temperatures of 25°C, 75°C and 125°C. Test vehicle-2 is tested at 14g stress level at operating temperatures of 25°C, and 55°C. In addition to pristine assemblies, the effect of isothermal aging has been studied on test vehicle-2 through exposure to 150°C for 60 days prior to the initiation of testing under combined temperature and vibration. Material properties of the printed circuit board at test temperature have been measured using tensile tests and dynamic mechanical analysis. The vibration simulation using global-local FE models is correlated with the system characteristics such as modal shapes and natural frequencies and displacement amplitudes for each temperature. Full field strain has been extracted using high speed cameras in conjunction with digital image correlation. Stresses in solder interconnects have been extracted from sub-model and stress amplitude is plotted against cycles to failure at all the test temperatures. This study presents a comparison of failure modes for various alloy compositions at elevated test temperature and vibration for different aging conditions. Anand Viscoplasticity material data from the prior studies by the authors have been used to capture the high-strain rate temperature dependent aging behavior of the solder joints. Finite element models have been used to predict the combined effect of temperature and vibration on the reliability of solder joints. Model predictions have been correlated with experimental data.
TEST VEHICLE
Two test vehicles were used in the study of simultaneous exposure to temperature and vibration. Test vehicles are representative of engine control unit of an agriculture equipment. Test Vehicle-1 has daisy chained PBGAs, QFP, TSOP and SOL packages with SAC305 lead free solder interconnects. Test vehicle-1 is a 4-layer, 1.56mm thick test board with immersion silver finish. Dimensions of Test vehicle 1 are 204mm x 129mm. Test Vehicle-2 has 12 identical daisy chained CABGA packages. Two configurations of the test vehicle-2 were fabricated. One with SAC105 parts and the second with SAC305 parts on the test board. Test Vehicle-2 is an 8-layer, 1.6mm thick test board with immersion silver finish. Test Vehicle-2 is 132mm in length, and 77mm in width. The PCB pads are non-solder mask defined (NSMD) for the both test vehicles. Test vehicle-1 and 2 are shown in Figure 1 , and Figure 2 . Package attributes for both the test vehicles are shown in Table 1 . All the packages used for the study were subjected to x-ray inspection to measure the size of the embedded features in addition to the chip size. Figure  3 , and Figure 4 . The attributes of all packages are on the test vehicles are shown in Table 1 . Table 2, and Table 3 show the test conditions of vibration and temperature that have been used to test the board assemblies. Test Vehicle -1 is subjected to 10g and Test Vehicle-2 is subjected to 14g at elevated temperatures.
EXPERIMENTAL SETUP
A LDS Shaker V722 has been used for this study with an isothermal oven to simulate the simultaneous exposure to vibration at elevated temperatures. Isothermal oven is equipped with a glass window on top-surface to allow acquisition of transient dynamics using high speed imaging of PCB deformation. Test vehicle-1 and 2 have been subjected to sinusoidal vibration at their first natural frequency of the test board assembly with an acceleration amplitude of 10g and 14g while being exposed to elevated temperature. Resistance for all the packages under test has been monitored using a high-speed data-acquisition system. A resistance increase of 20-percent over the initial resistance for period of over 20-cycles or more compared to that of a pristine assembly has been deemed as a failure of the assembly. All the board assemblies in the test matrix have been tested till failure definition. The cycles to failure have been counted using the time to failure and the resonant frequency of the test assembly. Figure 5 shows the experimental setup along with shaker system, thermal chamber, high speed imaging, data acquisition system, and the shaker controller. The resistance of different daisy chained packages have been monitored using high speed data logger. 
APPROACH TO LIFE-PREDICTION MODELING
Experimental model analysis has been used to identify the frequencies of the first few mode shapes. The board assemblies have been subjected to vibration at the first model frequency at several temperatures in the range of operational temperatures for automotive underhood applications. For the purpose of modeling, tensile tests, and dynamic mechanical analysis has been performed to measure the PCBs properties. Full field strain has been extracted using high speed cameras in conjunction with digital image correlation while the boards were subjected to high temperature vibration. Finite element predictions of the displacement field of the board assembly have been correlated with the measurements of the displacement field using DIC in conjunction with high speed imaging. Stresses in solder interconnects have been extracted from the validated sub-model and stress amplitude is plotted against cycles to failure at all the test temperatures. Anand Viscoplasticity material data from the prior studies by the authors have been used to capture the high-strain rate temperature-dependent aging behavior of the solder joints. Finite element models have been used to predict the combined effect of temperature and vibration on the reliability of solder joints. Figure 6 shows the approach to high cycle fatigue life prediction for solder alloys at elevated temperatures. 
MEASUREMENT OF DAMPING RATIO
For a system excited close to its resonant frequency, the damping ratio becomes a very critical dynamic characteristic. It enforces steady state of the response of the system. Half-power bandwidth method shown in Eq. (1) is used for lightly damped structures.
where ξ is the damping coefficient, f n is the natural frequency and Δf n is the difference in half-power bandwidth frequencies. Figure 11 shows the acceleration response from 100Hz to 150Hz. f n =129.96Hz and Δf n =3.5Hz at 25C for clarity. So the damping ratio is 0.013. The damping coefficient can further be split into Raleigh coefficientsmass damping coefficient and stiffness damping coefficient.
where α is the mass damping coefficient. Substituting for the terms on the RHS of Eq. (2) 5 . 128 132
The stiffness damping coefficient is given by:
It can be seen by comparing Eq.(4) and Eq. (7) that the mass damping is higher than the stiffness damping for this structure.
Figure 11: Half power bandwidth method for damping coefficient

DEVELOPMENT OF THE GLOBAL FE-MODEL
The global model built for FE simulations is shown in Figure 12 for test vehicle-1 and in Figure 13 for test vehicle-2. The models for the two test assemblies have been developed using different strategies. The test vehicle-1 has been developed using smeared material properties for a number of element layers. The global model for test vehicle-1 has been used in conjunction with a local model described later in the paper. The primary purpose of the global model is to predict the natural frequencies, and global displacements under a vibration load. However, since the solder layer has been smeared in test vehicle-1, local sub-models have been developed for each of the components on test vehicle-1. The sub-models capture the dimensions details of the solder joints and the embedded layers inside the semiconductor package.
The model for test vehicle-2 has been developed using Timoshenko beam elements with actual embedded layer dimensions. Since, the global model has interconnects included as Timoshenko-beam elements, no sub-models are needed for the test vehicle-2.
Test Vehicle-1 Smeared properties are used for the components on the global model of Test-Vehicle-1. In this approach, the component is modeled as block like structure omitting the geometric and material details (Figure 14 ). For solder interconnects, Timoshenko beam elements (BEAM188) is used. Tensile test is used to measure mechanical properties such as Elastic modulus. PCB and other components is modeled using material properties shown in Table 5 for Test board 2. (Figure 16 ). The model weight has been compared with the measured weight of the board assembly. Table 6 shows that model weight correlates well with the actual weight of the board assembly. 
MODEL
PREDICTIONS OF NATURAL FREQUENCIES AND MODE SHAPES
The model predictions of the natural frequencies have been compared with the experimental measurements for both test vehicle-1 and test vehicle-2. Furthermore, digital Image correlation has been used in conjunction with high speed imaging to correlate the mode shape and the full field displacements of the FE model. Digital image correlation (DIC) is an optical method to measure full-field deformation and the derivatives of deformation on the surface of a structure. Previously, the feasibility of using DIC for transient strain measurement in electronic assemblies, in the presence of rigid body motion has been demonstrated [Lall 2007a [Lall -e, 2008a . The technique involves the application of speckle pattern on the surface of the printed circuit board assembly and tracking geometric points on the speckle patterned surface before and after loading and using them to compute both in-plane as well as out-of-plane deformations in the structures. [Zhou 2001 ,Amodio 2003 , Srinivasan 2005 , Kehoe 2006 , Lall 2007c , 2008c . Figure 17 shows the principle of DIC in a three-dimensional case. The sub image before deformation is referred as I1 (r) and the one after impact is referred as I2 (r) respectively. Figure 18 shows a comparison of mode-1 deformation mode shape from DIC and the finite element model, both conducted at 25C, 10g and first natural frequency. Model predictions of the mode-shape correlate well with the experimental measurements. Figure 19 shows the model prediction of mode shape for the first natural frequency for test vehicle-2. Furthermore, the model predictions of the first three natural frequencies has been compared with the experimental measurements. 
LIFE DISTRIBUTIONS
Test vehicle-1 has multiple component architectures with SAC305 while test vehicle-2 has identical components at a number of different locations on the test board in two configurations including SAC105 and SAC305. Since the focus of the study is on the development of life prediction models for solder joint reliability under simultaneous exposure to temperature and vibration, only life-data which involves solder joint failure has been used for the purpose of development of the damage relationship. The failure has been defined as the increase of 20-percent in (R/R) for consecutive 20-cycles or a resistive open which ever one happens first. Cycles to failure differ for every package because each component location experiences different strain levels based on its location on the test board. The cycles to failure have been calculated by multiplying the time to failure by frequency of base excitation which is constant throughout the test. Typical resistance vs time plots are shown in Figure 21 for test vehicle-1. Further, Figure 22 shows the resistance versus time data for the SAC105 configuration of test vehicle-2. Furthermore, the resistance versus time data for the SAC305 configuration of test vehicle-2 is shown in Figure 23 . Cycles to failure for each package as a function of test temperature are plotted in Figure 24 . There is a difference in mean cycles to failure as the temperature is increased from 25C to 125C. Since the test vehicles were assigned randomly to a test case, the difference in mean cycles to failure can be attributed to test temperature. 
SOLDER STRESS ESTIMATION FROM EXPLICIT SUBMODELS
Explicit finite element models have been developed to model the vibration of the test boards. Model predictions have been used to determine the interconnect strain histories. Reduced integration elements have been used for computational efficiency, since the internal load vector scales with the number of integration points. Computational time of the dynamic event is reduced by incorporating reduced integration elements in the analysis because these element types use fewer integration points to form the element stiffness matrices. Lower order elements have been implemented since they perform better when the strain is large or very high strain gradient is expected during vibration cycle. Three-dimensional continuum elements C3D8R have been used to model the components layers of printed circuit board, substrate, mold, leads, lead-frame, solder, corner solder balls, die, die paddle and copper pad. In PBGAs, except the four corner interconnects, all remaining interconnects have been modeled as Timoshenko beam elements (Figure 25) . Displacement boundary conditions of the sub-models are derived from the global model. Explicit dynamic analysis is conducted to obtain solder stresses. High strain rate solder material properties at the three test temperatures are tabulated in Table 8 . The degradation in material properties is assumed to be in-line with other SAC alloys. The solder interconnects experience tension-compression as well as shear stress in a vibration test. For fatigue life prediction, an equivalent stress of the solder interconnects needs to be considered. Therefore an equivalent stress called Von Mises stress is used for constructing the S-N curve. shows the stress contour in solder balls of BGA and TSOP. Volumetric average stress value is used in the region of solder/PCB interface so that mesh density does not have a significant effect on stress distribution. Eq. (14) High cycle fatigue failure is characterized by Basquin power law relation: Table 9 lists the fatigue coefficients published in literature for various solder alloys. S-N curve obtained in this study is plotted on a log-log scale as shown in Figure 30 . The procedure is repeated for all test temperatures to obtain two additional S-N curves. While the cycles to failure reduce with increase in temperature, the failure threshold also decreases with increase in temperature due to degradation of material properties (Figure 30 ). The coefficients σ f and b evolve with temperature as shown in the table below. The reduction in σ f and b causes a shift in the S-N curves with increase in temperature as shown in Figure 30 . This change can be attributed to the evolution of microstructure of SAC305. Figure 31 shows the evolution of phase structure as seen in SEM within just one day of aging at 75C and 125C [Lall 2004a [Lall -d, 2005a [Lall -b, 2006a [Lall -f, 2007a [Lall -e, 2008a [Lall -f, 2009a [Lall -d, 2010a [Lall -j, 2011 . The fatigue coefficient and the fatigue exponent decrease with increase in temperature. Based on Arrhenius theory, the relation between the fatigue strength coefficient and temperature is assumed to be of the form given by Eq. (13)
where σ f,T is the fatigue strength coefficient at temperature T Kelvin, K is the Boltzmann's constant and Ea, σ f is the activation energy in eV. Activation energy for the fatigue coefficient is 0.06eV. The activation energy for Sn-Pb solder creep found in literature is about 0.5eV for grain boundary creep and 0.84 eV for matrix creep [Knecht 1990 ]. To account for the effect of temperature in predicting the fatigue life of SAC305, Eq. (16) where σ a is the stress amplitude in MPa, T is the test temperature in Kelvin and 2N f is cycles to failure.
SUMMARY AND CONCLUSIONS
Solder joint reliability for SAC105 and SAC305 alloys has been studied in two test vehicles under simultaneous temperature and vibration. Board assemblies have been subjected to two acceleration levels of 10g and 14g over temperature range of 25C to 125C. Resistance of the components has been measured during the test till failure. The board assemblies have been modeled using finite elements to extract the stress amplitude in the solder joints during exposure to simultaneous temperature-and-vibration. Volume averaged solder stresses at high stress location of every component is plotted against its experimentally obtained cycles to failure. S-N curves for SAC305 are obtained based on Basquin power law relation between stress amplitude and stress reversal cycles. S-N curves at 25C, 75C and 125C are thus obtained for SAC305. A temperature dependent form of the Basquin power law has been presented for the SAC305 solder under simultaneous temperature-vibration. The temperature dependence of the fatigue strength coefficient and fatigue exponent has been computed from the SAC305 S-N curve relation using Arrhenius relationship. The temperature dependent forms of the fatigue coefficient and fatigue exponent have been implemented in Basquin power relation. The temperature dependent form of the Basquin Power Law can be used for the life prediction of the SAC305 solder joint reliability under exposure to temperature and vibration.
